ABSTRACT Industrial production has evolved significantly over the last decade. For this reason, it is necessary to obtain mathematical and computational tools that enable power systems engineers to make decisions that reduce harmonic distortions in accordance with international standards. This paper presents a total harmonic distortion (THD) assessment based on full knowledge discovery in databases (KDD) using power quality (PQ) standards and computational intelligence tools. The materials and methods of THD assessment consist of load and layout analysis; choice and installation of PQ analyzers; and the application of the full KDD process, including collection, selection, cleaning, integration, transformation and reduction, mining, interpretation, and evaluation of the data. This research methodology was used in an electrical and electronic industry; the results obtained have characteristics that can be used as a reference for other types of analyses. The results indicate that these methods can be applied to several industrial applications such as: 1) the description of the complete KDD process for THD assessment of the point of common coupling; 2) simultaneous collection using five PQ analyzers at several points in the electrical network; and (3) the use of a decision tree classifier.
I. INTRODUCTION
The increase in power quality (PQ) events and disturbances in the operational power system have become increasingly relevant to PQ analysis [1] . This increase is due to the constant increase in the amount of sensitive electronic equipment in modern power systems [2] . The proliferation of nonlinear electronic loads is increasing day by day, as described by Corina and Dinis [3] . It is anticipated that in the future, there will be an even greater influence of new technologies. A switched-mode power supply (SMPS) has a high harmonic distortion of current, which is present in almost all residential and commercial non-linear loads, such as computers, monitors, laptops, electronic lamps, etc. This increase has led to new measurement and analysis techniques [1] , [4] - [6] .
Due to the large volume of data obtained from PQ analyzers, it is extremely important to use computational intelligence techniques in electric power system studies. Because of the applicability of data mining techniques, many researchers in the area of power systems are devoting much attention to this promising area of research [7] . According to [8] , this is due to the popularity of the ''big data'' concept. To obtain useful knowledge of data via knowledge discovery in databases (KDD), interactivity of the complete process is necessary. Roiger [9] reflects that KDD is the application of the scientific method to data mining techniques, where the complete process includes (in addition to data mining), extraction, data preparation and decision-making with respect to the mined data. The main steps of the KDD process require the constant presence of specialists in the area of interest [10] .
In a global approach, among the most used data mining algorithms are neural networks, support vector machine (SVM), K-means grouping, decision trees and visualization techniques [7] . In [11] , decision tree and multivariate adaptive regression splines (MARS) are used as tools for the evaluation of transient stability; [12] presents a study on PQ analysis using a hybrid model that comprises neural networks with a fuzzy model and cluster tree. In this same line of research, [13] presented research citing several FIGURE 1. Physical system containing the layout (A), the power quality (PQ) analyzers (B), and the use of the complete knowledge discovery in databases (KDD) process in the computational system (C). PCC: point of common coupling.
computational techniques for the diagnosis of electric power system transmission lines. The methodology for the detection and classification of disturbances related to PQ used the decision tree as a method of classification. Based on several related works, the most-used methods for classification are fuzzy logic, artificial neural networks, SVM and decision tree methods [14] , [15] .
There is a lack of published papers on the development of models detailing the full KDD process applied to the analysis of PQ disturbances, and the use of simultaneous measurements in loads and the point of coupling (PCC). To our knowledge, there are no references on the evaluation of total harmonic distortion (THD) in a specific computer factory using computational intelligence.
The main contribution of this paper is innovations in the application of the full KDD process [8] , [10] for data collected simultaneously by five PQ analyzers to evaluate the impact on the voltage total harmonic distortion (THDU) at the PCC of a computer factory. There are several lines of research that used diverse approaches such as simulated data conforming [15] , [16] and the combination of simulation and real data [6] , [17] - [19] and that have used data collected at universities (for example, [6] , [12] , [17] , [18] , [20] ); data in the power system (as published in [1] , [11] , [13] , [17] , [19] , and [21] - [23] ); and data from the pulp, iron and steel industries (as presented in [16] and [24] - [26] ). To validate the data, several algorithms were used in the data mining stage, and the decision tree techniques were used for the purpose of comparison, showing their innovation and contribution to the literature.
The remainder of the paper is organized as follows. Section II describes the equipment and software used in the research and the methodology applied at each stage of the complete KDD process. Section III presents findings based on the methodology used. The discussion and the importance of contributions to science are presented in Section IV. In Section V, the possible causal factors of the results and recommendations for future work are presented.
II. MATERIAL AND METHODS
For the development of this work, two systems were established: physical and the computational systems, as shown in Fig. 1 . In the physical system visualized in Fig. 1(A) , the layout of an industrial plant is shown; Fig. 1(B) shows the proposed installation of the five PQ analyzers. In Fig. 1(C) , the computational system covering all stages of the KDD process is shown.
A. SETTING THE SEARCH ENVIRONMENT
Because of the absence of real data related to harmonic distortions in a computer factory and with the purpose of contributing to science, a particular industry was selected, namely, the electro-electronic sector located in Manaus containing production lines for notebooks, desktops, computer monitors and tablets, as shown in Fig. 1(A) . The great majority of loads generate harmonic disturbances distributed as follows: • PCC: Power Transformer output 1000 kVA 220 V/ 127 V;
• 
B. DEFINITION OF COLLECTION POINTS
Existing papers presented analyses based on simulations or data collected at a single point or at only one point at a time, which does not have immediate impact on a set of loads in the THD at the PCC. This paper presents a full analysis using five PQ analyzers installed in strategic points as shown in the layout of the industry presented in Fig. 1 (A) and detailed in Section A, so that collection occurs simultaneously.
C. PQ ANALYZER SELECTION
For collection quality, the PQ Analyzer PW3198 (HIOKI, Nagano, Japan) was chosen. This is a PQ analyzer for monitoring and recording power supply anomalies, allowing their causes to be quickly investigated. It is also used to evaluate power supply problems such as voltage sag, flicker, harmonics and other PQ disturbances.
Key Features:
• Three-phase 3-wire or Three-phase 4-wire plus one extra input channel;
• Voltage: ±0.1% of nominal voltage;
• Current: ±0.2 % rdg. ±0.1 % f.s. + current sensor accuracy;
• Harmonic voltage-current phase angle: 1th to 50 th orders;
• Total harmonic distortion factor (voltage/ current)
D. PERIOD OF DATA COLLECTION
Data were collected between 03 June 2014 and 11 June 2014, as shown in Fig. 2 . The data collected show the simultaneous measurement process in the period between 1:45 p.m. on 3 June and 4:32 p.m. on 5 June. All the PQ analyzers were removed on 11 June 2014; however, due to the configuration of the installed equipment in the air compressor point, there was a loss of data in the first evaluation, which generated the opportunity without these points in evaluations presented in this paper.
E. COLLECTED DATA
For data analysis as described previously, the full KDD process was used as shown in Fig. 3 , which uses the concept in [27] , where KDD is divided into five steps: selection, preprocessing, transformation, data mining and evaluation. The data collected by the PW3198 analyzers were stored on a secure digital (SD) card and transferred to a computer before the KDD process.
F. KDD: DATA SELECTION
This is the first step of the knowledge discovery process; [28] states that it is at this stage that the key data will be selected and grouped into a single data source. Usually, the choice of data is at the discretion of a domain expert; the process is quite complex, and this may impact the process results [10] .
The present study evaluated the impact of the contribution of the harmonic of each load installed in the computer industry on the voltage THD at the PCC for each phase, as shown in Fig. 4 . PQA-HiVIEW PRO 9624-50 (HIOKI, Nagano, Japan) software was used for the KDD process data selection phase; the items selected for each phase (CH1, CH2 and CH3) were as follows: root mean square (RMS) voltage (U), RMS current (I), voltage total harmonic distortion THDV (U-THD), voltage, and current odd harmonics up to the 49th harmonic (only odd orders and select maximum orders = 50). The selected items were converted to comma-separated values (CSV) (selected data for CSV conversion) format along with date and time information for each sample collected.
G. KDD: PREPROCESSING: CLEANING AND INTEGRATION OF DATA
This is one of the most important parts in the KDD process, [28] since data quality will define the effectiveness of mining algorithms. In this step, tasks that eliminate redundant and inconsistent data, recover incomplete data, and evaluate possible outliers should be performed. This step will be broken down into data cleaning and integration, as shown in Fig. 5 .
The assistance of the domain expert is also of fundamental importance at this stage. To perform these steps, data were analyzed for each collected point, and the necessary adjustments were made according to the structure shown in Fig. 6 . The initial data are presented in Table 1 . Table 2 summarizes the analysis of each collection point and the actions to be taken to clean the data. In total, there were 17,070,240 items of collected data.
To facilitate the cleaning process, the data were converted to the Postgresql Tool database, and the suggestions presented in Table 2 were applied through various structured query language (SQL) scripts.
H. PRE-PROCESSED CLEANED DATA
This is the first step of the knowledge discovery process; [28] states that it is at this stage that.
After applying the scripts, the cleaned data are as shown in Table 3 . 
I. PRE-PROCESSING WITH DATA INTEGRATION
To allow the data to be used through data mining, it was necessary to integrate the data into a single table containing the input data (pcc_thdu) and the load data, according to the structure as shown in Fig. 7 and evidenced in Table 4 . This integration was synchronized in such a way that the date and time of each collected point were the same and separated by phase.
J. DATA TRANSFORMATION
At this stage the data has already been selected, preprocessed, cleaned, and integrated; all of this precedes the data mining phase. According to [28] , the data must be properly stored and formatted so that the algorithms can act and therefore extract knowledge that needs to be organized according to the peculiarities and needs of the knowledge extraction techniques that will be used in the next step. This step of the process is divided into transformation and reduction of data. After the integration by phase of the data into a single table there was a need to transform some data from numeric to categorical values.
For data transformation, we refer to [16] , and the IEEE 519-1992 standards [29] that establish limits for harmonic distortion of current and voltage in distribution and transmission networks for low voltage systems. Data found in [30] establishes ranges of normal (NORM), risk (RISK) and critical (CRIT) values for the THDU, in accordance with Table 5 .
The KDD process presented in Fig. 3 shows the need to return to previous stages. Considering the interpretation of the preliminary results, it was necessary to divide the data into shifts to deepen and validate the analyses, as evidenced in Table 6 .
The transformed data is shown in Fig. 8 , where the shift and THDU steps were added as shown in Tables 5 and 6 .
K. KDD: DATA REDUCTION
Considering that the most significant current harmonics of the loads are between the 3rd and 15th harmonics (Harm I), other harmonics and the data that were not needed by the methodology under analysis were excluded, as shown in Table 7 .
After the data reduction, the data structure was organized as shown in Fig. 9 .
L. KDD: DATA MINING
Data mining is defined as the process of finding, within data, interesting structures that may take many forms such as a tree, network, a graph, set of rules, several equations, and more, and uses one or several algorithms for identifying trends and patterns [9] .
Within the KDD process, the data mining stage is a required step that receives greater prominence in the literature due to its use in large databases with the objective of discovering standards and rules [10] , [31] . According to [28] , at this stage, data is subjected to one or more learning algorithms to extract knowledge and learning rules from the data that has been selected, preprocessed and transformed by a specialist in the field according to the stages of the KDD process. In this stage of the KDD process, we used the Weka software version 3.7. 13 (2015) and Rapid Miner Studio Basic version 6.5.02 (2015) and the decision tree classifier, as shown in Fig. 10 .
M. KDD: INTERPRETATION AND EVALUATION
In the interpretation and evaluation phase, according to [10] , [28] , one or more experts in the field interprets and evaluates the knowledge acquired in the data mining phase. In cases where the result is not satisfactory, which is not uncommon, the process can return to any of the previous stages or even be restarted, as can be observed in Fig. 3 through the dotted lines. For validation, the data were evaluated with different types of algorithms for each type of classifier with two different types of data mining software, as seen in Table 8 .
Considering that the KDD process is dynamic and that it provides adjustments and returns the previous steps, the data were also evaluated with all loads installed in all shifts, only in shift T0, only in shift T1 and only in shift T2. Then, the data were evaluated by using the air compressor point measurements to increase the number of evaluated days. The analyses were performed again for all shifts and then with each shift. The original data were evaluated according to the sanity of the results.
III. RESULTS
In this paper, 17,070,240 items of data were collected from five PQ analyzers strategically installed at points in a computer industry. After several phases of the KDD process, the data mining stage was reached. For data mining, we used the Weka software with the decision tree classifier; several algorithms were used to identify the best result according to Table 9 .
The best algorithm for the data collected was the J48 according to comparison of the values found; the results indicated that the highest impact was the seventh harmonic of the air conditioning point.
The results obtained in the previous sections contained the data collected for all loads and considered all the shifts in the period from 03 June to 05 June. All results indicated that the biggest impact was the seventh harmonic of the air conditioning point. To confirm the result, the database was divided into three bases organized into shifts T1, T2 and T0. For data collected in only the T1 and T2 shifts, it was not possible to execute the decision tree because there was no THDU beyond normal values. For data collected only in the T0 shift, the result for the THDU is shown in Table 10 .
The decision tree conformed to Fig. 11 ; the result of the seventh current harmonic of the air conditioning point is maintained and confirms the previous analysis. The analysis of the T1, T2 and T0 shifts shows that the impact of the THDU occurs in the T0 shift.
To increase the number of days analyzed and based on the previous analyses, a new database was created, excluding the air compressor data, as seen in Fig. 2 . This strategy increased the number of rows in the consolidated table from 3028 to 9741, increasing the period from 51 h to 179 h of data to be analyzed. This strategy did not affect the quality of the analysis, as seen in Table 11 .
After the various analyses, a summary of the results of decision trees with the J48 algorithm for the impact on the THDU at PCC is presented in Table 12 .
Based on the results of the decision tree, it can be concluded that the seventh current harmonic of the air VOLUME 6, 2018 FIGURE 11. Decision tree of the T0 shift. conditioning point has the biggest impact, bringing the THDU at the PCC to the level of risk in the T0 shift in the analyses considering the data with and without the air compressor point.
To validate the data, Rapid Miner Studio Basic software version 6.5.02 (2015) was used as a data mining tool. Consolidated data was converted from the PostgreSQL Database to the CSV to make it readable by Rapid Miner. After loading the data, the tool was configured with the Decision Tree classifier; the result shows that the seventh harmonic current of the air conditioning point has the highest impact, as shown by Fig. 12 .
Based on the consolidated data for analysis, we searched for the minimum and maximum values for current harmonics from the 3rd to 15th component and for each load in accordance with Table 13 .
From Table 13 , the highest value (38.70) is that of the seventh current harmonic of the air conditioning point, the second highest value (36.18) is in the fifth current harmonic of the burning point, and the third highest value (31.74) is in the third current harmonic of the burning point.
IV. DISCUSSION
The data found with the full KDD process and specifically with a data mining phase demonstrated that the air conditioning point impacts on the THD at the PCC, leading to a risk situation. A seventh harmonic current is the major contributor of this impact and mainly occurs in the T0 shift, covering the period from 1:10 a.m. to 6:00 a.m. The results show the importance of using the full KDD process with data mining techniques and a decision tree classifier to assist in PQ impact analysis in computers or similar industries or even other types of companies. This type of analysis highlights the possibility of future penalties in a phase exceeding the values of the THDU at the PCC.
V. CONCLUSION
The increase in the number of non-linear loads due to the industrial evolution in recent years has impacted PQ in consumers from different countries. Because of the impacts on THDU, particularly in industries, experts seek to diagnose and mitigate these effects with the increasing use of computer intelligence techniques. This paper shows that the analysis of the impact of loads in the THDU on an industry's PCC using the full KDD process is possible and presents rational results. The paper gives a step-by-step description of the procedures of collection, integration, transformation, reduction, mining, interpretation and evaluation of data and contributes to future applications for other types of consumers. The methodology contained in this article is part of the project for the development of systems for real-time evaluation of harmonic currents and their impact on THD voltage, providing a fast action and/or active filter control. For the results to be closer to those found in real applications, the use of data collected from five points simultaneously provided a more accurate and reliable analysis of the instantaneous impacts at the moment they occurred. For this purpose, the analysis of the loads and the layout of the plant were fundamental for defining the installation of PQ analyzers. The innovative solution with the application of the decision tree for analysis and comparison of the results in the KDD process demonstrates the effectiveness of the techniques used. The results obtained by the computational techniques were validated by means of the analysis of the minimum and maximum values of the harmonics of the currents of each load. He has experience in electrical engineering with emphasis in electrical engineering and industrial automation, mainly in factory management (production, quality, and materials) in electronics and computer science, systems development, microcontrollers, CLP, GPIB, SMT processes, and JIG testing developments, and teaching in electrical engineering, production, industrial automation, and telecommunications.
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